We propose and numerically demonstrate a simple method to generate a high-repetition-rate ultrashort pulse train. We show that the nonlinear propagation of a prechirped dual-frequency signal through a fiber with exponentially decreasing dispersion will give rise to a train of noninteracting solitons at a high repetition rate.
INTRODUCTION
High-repetition-rate ultrashort optical pulse trains are widely used in optical time-division-multiplexed communications, modern instrumentation, and optical imaging [1] . Passive mode-locked lasers can be used to generate a femtosecond pulse train with a repetition rate typically smaller than 1 GHz. It is difficult to generate a pulse train with a repetition rate higher than 40 GHz using actively mode-locked lasers because of the use of a modulator inside the cavity. Hasegawa in 1984 demonstrated soliton-like pulse train generation at a high repetition rate using modulation instability in optical fibers [2] . Pulse trains with repetition rates up to 300 GHz have been achieved using this technique [3] . But because of nonlinear interactions between neighboring solitons, individual pulses suffer from significant pedestal generation. Stable noninteracting trains of pedestal-free solitons are generated using adiabatic compression of a dual-frequency signal inside a dispersion decreasing fiber (DDF) [4] . This process requires relatively long fiber as the dispersion inside the DDF must decrease sufficiently slowly. Using the self-similar compression of chirped optical solitons in nonlinear fibers and gratings with exponentially decreasing dispersion, we have demonstrated the compression of pedestal-free and nearly chirp-free chirped solitary pulses [5] . An added advantage of this compression scheme is that the adiabatic condition need not be satisfied, and rapid compression is possible. Recently, the use of a raised cosine pulse for the generation of a train of ultrashort pulses in the near infrared regime in a tapered photonic crystal fiber (PCF) where both dispersion and nonlinearity coefficients vary exponentially along the propagation length has been studied theoretically [6] . The robustness of such optical pulse compression has also been studied [7] by perturbing the loss coefficient of the solid core as well as chloroform-filled PCF. Korobko et al. [8] proposes a new method to generate ultrashort pulse trains with increased repetition rate through amplitude and frequency modulation of the seed wave. Recently, Millot considered the generation of a high-repetition-rate Gaussian pulse train [9, 10] . Specifically, [9] studied both numerically and experimentally the generation of pico-and femtosecond Gaussian pulses through multiple four-wave mixing in dispersion-flattened highly nonlinear optical fiber. [10] demonstrates the generation of a 160 GHz transform-limited pedestal-free Gaussian pulse (1.27 ps) train through multiwave mixing compression of a dual-frequency beat signal. In this paper, we propose a high-repetition-rate soliton-train source based on the beating of a dual-frequency optical signal and subsequent compression in a nonlinear fiber with exponentially decreasing dispersion. The repetition rate is determined by the frequency separation of the two initial continuous wave (CW) signals, and one can realize a very large beat frequency, even 1 THz, by coupling two CWs from two laser diodes. We demonstrate numerically the formation of a 160 GHz train of ∼100 fs pulses. The pulses are nearly transform limited and have hyperbolic secant shape, and the pedestal is negligible. The proposed scheme is simple and can achieve effective pulse compression over a short length of fiber, which is a great advantage over existing technologies.
The rest of the paper is structured as follows. In Section 2 we describe the numerical model that governs the pulse propagation inside the nonlinear fiber. In Section 3 we demonstrate numerically that an ideally chirped pulse train can be reshaped into high-quality, soliton-like pulse trains. Section 4 introduces a simple prechirper to add the required chirp profile to the initial chirp-free pulse train. We find that the prechirped pulse train evolves into hyperbolic-secant-shaped pulse train after the compression in a nonlinear fiber with exponentially decreasing dispersion. Section 5 shows the generation of ultrashort pulse trains at different repetition rates. Section 6 concludes the paper. In Appendix A we present the essential steps to derive the pulse parameter equations of the generalized nonlinear Schrödinger equation (GNLSE) when the ansatz of the cosine function or hyperbolic-secant function is used.
NUMERICAL MODEL
Pulse propagation inside a nonlinear optical fiber is governed by the GNLSE:
where A is the slowly varying envelope; z is the distance variable; t is the time variable; and β 2 z, β 3 , and γ are the secondorder dispersion, third-order dispersion, and nonlinearity coefficients of the fiber, respectively. A typical value for T R 3 fs (at the wavelength near 1550 nm) is used here. Here β 2 z is assumed to decrease exponentially as β 2 z β 20 exp−σz, where β 20 and σ are the initial dispersion and decay rate of the fiber dispersion, respectively. The coefficients β 3 and γ are assumed to be constant along the fiber length. The coherent beating between the two CWs generates a sinusoidally modulated optical signal. The two CW signals were assumed to have the same powers, and the polarization states should be aligned using a polarization-maintaining phase modulator. For efficient pulse compression, the generated beat signal should be amplified to the required power by optical amplifiers, such as erbium-doped fiber amplifiers. The amplified beat signal can be represented as A 0 cosπt∕T 0 , where A 0 and T 0 are the peak amplitude and pulse width parameters, respectively. Since the chirp is critical to the self-similar compression in the chirped optical soliton [5] , we will add a prechirping process for the initial sinusoidally modulated optical signal. We assume the pulse train after the prechirping process is in the form of Az 0; t P N n−N A 0 cosπt∕T 0 expfia 20 t − nT 0 2 ∕2g, t ∈ n − 0.5T 0 ; n 0.5T 0 . The number of pulses in the pulse train is (2N 1). In the following simulation, we have chosen N 15. This prechirped pulse train is used as the input optical signal to the nonlinear fiber with exponentially decreasing dispersion. From the self-similar analysis reported in [5, 11, 12] , the decay rate of the second-order dispersion is related to the initial chirp and dispersion coefficients as σ α 20 β 20 .
COMPRESSION OF IDEALLY CHIRPED PULSE TRAIN
First, we consider the compression of an ideally chirped pulse train in a nonlinear fiber with exponentially decreasing dispersion. Figure 1 shows the input and output pulse train in linear [Figs. 1(a) and 1(c)] and logarithmic [Figs. 1(b) and 1(d)] scales where the input pulse train and fiber design are described in Section 2. For the input pulse, the initial pulse width is chosen to be T 0 6.25 ps (corresponding to a repetition rate of 160 GHz), and the initial chirp is chosen as α 20 −0.5 THz 2 . The fiber parameters are β 20 −20 ps 2 ∕km, β 3 z 0.01 ps 3 ∕km, γ 2∕W∕km, and the fiber length L 0.28 km. A particular peak power (A 2 0 8π 2 jβ 20 j∕ 3∕T 2 0 ∕γ, which is based on a cosine pulse ansatz) is used here. For the given parameters, the calculated peak power A 2 0 is about 6.7 W. The derivation of pulse parameter equations for the cosine pulse ansatz is presented in Appendix A. From Figs. 1(a)-1(d), we can see the initial pulse train undergoes effective compression where the full width at half-maximum (FWHM) of a single pulse in the pulse train decreases from 3.125 ps to 110 fs and the pulse shape evolves from cosine into hyperbolic-secant form. The pulse-to-pulse separation in the compressed pulse train shown in Fig. 1(c) remains unchanged while the peak positions shift around 0.35 ps (a consequence ), (d) logarithmic scales where the input pulse train and fiber design are described in Section 2; (e) spectrum of the input cosine pulse train (ideally chirped); (f) output spectrum of compressed pulse train; (g) spectrum of a single pulse in the input pulse train (solid curve) and spectrum of a single pulse in the output pulse train (dashed curve); (h) compression factor (dots) and pedestal energy (%, circles) versus different input peak powers.
of the small effect of third-order dispersion). We also note that the ratio between the soliton separation and soliton pulse width is as large as 56.8 in this example. From Fig. 1(d) , the pedestal energy is almost negligible (∼3.56%). The pedestal energy is defined as the relative difference between the total energy of the transmitted pulse and the energy of a hyperbolic-secant pulse having the same peak power and width as that of the transmitted pulse [13] , namely, pedestal energy%
Note that the energy of a hyperbolic-secant pulse with peak power P peak and pulse width T FWHM is given by
Figures 1(e) and 1(f) show the input spectrum of the dualfrequency signal (ideally chirped) and output spectrum of the soliton train, respectively. The red frequency shift is due to the intrapulse Raman effect. The compressed pulse experiences obvious spectral broadening, as shown by the solid and dashed curves in Fig. 1(g) , which represent the input and output spectrum of a single pulse in the pulse train. Fig. 1(h) represent the compression factor and pedestal energy (%), respectively. Generally, a higher initial peak power gives a higher compression factor without significant generation of pedestal. In the examples shown in Fig. 1(h) , the compression factor varies from 10 to 40, while the amount of pedestal is always smaller than 15%.
To compare between the compression of chirped or chirpfree input pulse trains in a nonlinear fiber with exponentially decreasing dispersion, we consider the propagation of chirped and a chirp-free cosine pulse train in the same nonlinear fiber with exponentially decreasing dispersion. The chirped or chirp-free input pulse train can be represented as Fig. 1 . The compression factor for input chirped or chirp-free cosine pulse train is 28.4 versus 25.7, while the pedestal is 3.56% versus 19.5%. The solid and dashed curves in Fig. 2 represent the result for input chirped or chirp-free cosine pulse train. Figures 2(a) and 2(b) show the compressed pulse in linear and logarithmic scales. Figure 2(c) is the evolution of normalized peak power along the propagation distance. Peak power is roughly equal to the compression factor. For an initially chirp-free pulse train, the residual pedestal is even visible in the linear scale. It is obvious that the appropriate initial linear chirp can facilitate effective and high-quality self-similar pulse compression in the nonlinear fiber with the exponentially decreasing dispersion.
PRECHIRPING OF A CW DUAL-FREQUENCY SIGNAL
The discussion so far assumes an ideally chirped pulse train. However, the coherent beating of two CWs only gives a chirpfree pulse train. Thus prechirping of the CW dual-frequency signal is required. Here we propose to use a piece of nonlinear fiber (dispersion is absent) as a prechirper for the input CW dual-frequency signal. The CW dual-frequency signal can be represented as Az 0; t A 0 cosπt∕T 0 , t ∈ −15.5T 0 ; 15.5T 0 , where T 0 6.25 ps corresponds to the repetition rate of 160 GHz. To prechirp the pulse train, the initial cosine pulse train is launched into a nonlinear fiber of 100 m where dispersion is absent and the nonlinear coefficient is γ 2∕W∕km. In the absence of dispersion, the prechirped pulse maintains its cosine pulse shape and pulse width. A polynomial fitting of the phase of the prechirped pulse train gives the chirp value of α 20 −0.681 THz 2 . Thus the prechirped pulse train can be closely approximated by the mathematical function of the form Az 0; t P N n−N A 0 cosπt∕T 0 expfia 20 t − nT 0 2 ∕2g, t ∈ n − 0.5T 0 ; n 0.5T 0 and N 15. The spectrum of the prechirped cosine pulse train is shown in Fig. 3(c) , where two new frequency components (normalized frequency ∼ 1.5∕ − 1.5) are generated in the spectrum of the prechirped pulse train. The spectrum of the prechirped cosine pulse train is quite close to the ideally prechirped cosine pulse train as shown in Fig. 1(e) .
The prechirped cosine pulse train is launched into a nonlinear fiber of length 0.2 km, where the nonlinear coefficient γ 2∕W∕km and the dispersion varies exponentially as β 2 z β 20 exp−σz, where β 20 −20 ps 2 ∕km, σ is the decay rate of the exponentially decreasing dispersion, and β 3 z 0.01 ps 3 ∕km. From the self-similar analysis, σ α 20 β 20 , where α 20 is the chirp coefficient of the prechirped pulse train (polynomial fitting). The peak power of the chirped pulse train is It is obvious that the compressed pulse has evolved into a hyperbolic-secant-like pulse shape. The compression factor is 27.5 (the FWHM decreases from 3.125 ps to 113.6 fs), and the pedestal energy is calculated as 6.23%. The ratio between the soliton separation and soliton pulse width is 55. The spectra of the prechirped pulse and final compressed pulse train are shown in Figs. 3(c) and 3(d) , respectively. The compressed pulse experiences obvious spectral broadening.
We also consider prechirpers with different length (varies every 10 m from 10 to 100 m). The prechirped pulses from different lengths of prechirpers are launched into the same nonlinear fiber with exponentially decreasing dispersion. The fiber parameters are same as the nonlinear fiber in Fig. 3 . Figure 4 (a) shows the chirp coefficient α 20 versus different prechirper lengths (varies every 10 m from 10 to 100 m). jα 20 j increases almost linearly with the length of the prechirper. Figure 4(b) is the compression factor (dots), normalized peak power (crosses), and pedestal (%, circles) versus different initial peak powers. The compression factor is quite close to the normalized peak power, which indicates nearly self-similar pulse compression here. The residual pedestal energy is almost negligible, and the maximum pedestal is around 6%. Figure 4 (c) gives the evolution of peak power along the propagation length in the nonlinear fiber where the prechirper is 100 m long. The solid line and dashed line represent the evolution of the actual peak power and the ideal pulse compression ratio, which is expσz, respectively. The two are quite close in the first 100 m, and the normalized peak power is slightly higher in the second 100 m.
GENERATION OF ULTRASHORT PULSE TRAINS WITH DIFFERENT REPETITION RATES
In this section, we consider the compression of ideally chirped pulse trains with different repetition rates. The ideally chirped pulse train can be represented as
t ∈ n − 0.5T 0 ; n 0.5T 0 , where α 20 −0.5 THz 2 and N 15. The parameter T 0 (T 0 is the peak-to-peak separation in the pulse train, T 0 ∕2 is the FWHM of a single pulse in the initial pulse train) is inversely proportional to the pulse repetition rate. We consider different T 0 which correspond to different repetition rates (10-160 GHz). Here, the peak power of the chirped pulse train is P 0 8π 2 jβ 20 j∕3∕T 2 0 . The fiber parameters are the same as that in Fig. 1 . Figure 5 (a) depicts the compression factor (dots) and pedestal in percentage (%) (crosses) for different repetition rates (10-160 GHz, in intervals of 10 GHz). For repetition rates smaller than 40 GHz, which correspond to a larger T 0 , the pulse compression deviates from the ideal compression, showing a relatively low compression factor and relatively large pedestal. For higher repetition rates (40-160 GHz), the compression factor is larger (∼30), and the pedestal is almost negligible (<5%). For a higher repetition rate, which corresponds to shorter pulses in the pulse train, higher-order dispersion and nonlinear effects come to play. As a result, there is a slight decrease in the compression factor when the repetition rate increases from 40 to 160 GHz. In Fig. 5(b) , we show the detailed evolution of the 40 GHz pulse train, which is the repetition rate that experienced the largest compression factor in Fig. 5(a) . Clearly, the pulse trains undergo effective pulse compression for the pulse shapes in Fig. 5(b) (top to bottom) at 56, 112, 168, 224, and 280 m.
CONCLUSION
In this paper we have proposed a high-repetition-rate solitontrain source based on self-similar compression in a nonlinear fiber with exponentially decreasing dispersion. We numerically demonstrate the possibility of the generation of a 160 GHz train of ∼100 fs pulses by reshaping a dual-frequency signal into a train of solitary pulses. We also discuss the generation of ultrashort pulse trains at different repetition rates. The proposed pulse train generation scheme requires a nonlinear fiber with an exponentially decreasing second-order dispersion profile. The required exponentially decreasing dispersion fiber might be fabricated by tapering the fiber during the pulling process. The exact fiber diameter variation can be carefully controlled to achieve the desired exponentially decreasing dispersion profile [14] . The exponentially decreasing dispersion profile can also be approximated by using a few pieces of fiber with different constant dispersion [5] . The proposed compression scheme, which is tunable in pulsewidth and repetition rate, also features a compact structure and may find applications in optical communications and modern instrumentation.
APPENDIX A: PULSE PARAMETER EQUATIONS FOR THE GNLSE
To determine pulse compression when the fiber dispersion profile is not exponentially varying or the initial pulse deviates from the self-similar soliton, we can either numerically simulate the GNLSE directly or use semi-analytical reduction methods such as the Lagrangian variational method (LVM) [15] or the projection operator method (POM) [16, 17] to derive the equations governing the evolution of the pulse parameters. For both the LVM and POM methods, the success of the approximation depends very much on the ansatz chosen. In this Appendix, we present the essential steps to express the GNLSE in terms of pulse parameter equations, using the perturbed Lagrangian approach. Here, we consider the GNLSE in the form of
where
Here, αz, β 3 z, γ, and ω 0 are the fiber loss, third-order dispersion, nonlinear coefficient, and center frequency, respectively. A typical value for T R 3 fs (at the wavelength near 1550 nm) is used here. 
The variational equations are written as 
